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and a plurality of tubes that extend through the downstream
surface. A resonator is upstream from at least one of the tubes,
and a fluid passage extends through the resonator and into the
least one tube.
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1
COMBUSTOR

FIELD OF THE INVENTION

The present invention generally involves a combustor and
a method for supplying fuel to a combustor.

BACKGROUND OF THE INVENTION

Combustors are commonly used in industrial and power
generation operations to ignite fuel to produce combustion
gases having a high temperature and pressure. For example,
gas turbines typically include one or more combustors to
generate power or thrust. A typical gas turbine used to gen-
erate electrical power includes an axial compressor at the
front, one or more combustors around the middle, and a
turbine at the rear. Ambient air may be supplied to the com-
pressor, and rotating blades and stationary vanes in the com-
pressor progressively impart kinetic energy to the working
fluid (air) to produce a compressed working fluid at a highly
energized state. The compressed working fluid exits the com-
pressor and flows through one or more nozzles into a com-
bustion chamber in each combustor where the compressed
working fluid mixes with fuel and ignites to generate com-
bustion gases having a high temperature and pressure. The
combustion gases expand in the turbine to produce work. For
example, expansion of the combustion gases in the turbine
may rotate a shaft connected to a generator to produce elec-
tricity.

Various design and operating parameters influence the
design and operation of combustors. For example, higher
combustion gas temperatures generally improve the thermo-
dynamic efficiency of the combustor. However, higher com-
bustion gas temperatures also promote flame holding condi-
tions in which the combustion flame migrates towards the fuel
being supplied by the nozzles, increasing wear to the nozzles
in a relatively short amount of time. In addition, higher com-
bustion gas temperatures generally increase the disassocia-
tion rate of diatomic nitrogen, increasing the production of
nitrogen oxides (NOy). Conversely, a lower combustion gas
temperature associated with reduced fuel flow and/or part
load operation (turndown) generally reduces the chemical
reaction rates of the combustion gases, increasing the produc-
tion of carbon monoxide and unburned hydrocarbons.

In a particular combustor design, a plurality of tubes may
be radially arranged in an end cap to provide fluid communi-
cation through the end cap and into the combustion chamber
for the working fluid and the fuel. Although effective at
enabling higher operating temperatures while protecting
against flame holding and controlling undesirable emissions,
some fuels and operating conditions produce very high fre-
quencies with high hydrogen fuel composition in the com-
bustor. Increased vibrations in the combustor associated with
high frequencies may reduce the useful life of one or more
combustor components. Alternately, or in addition, high fre-
quencies of combustion dynamics may produce pressure
pulses inside the tubes and/or combustion chamber that affect
the stability of the combustion flame, reduce the design mar-
gins for flame holding, and/or increase undesirable emis-
sions. Therefore, a system and method that reduces resonant
frequencies in the combustor would be useful to enhancing
the thermodynamic efficiency of the combustor, protecting
the combustor from accelerated wear, and/or reducing unde-
sirable emissions over a wide range of combustor operating
levels.
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2
BRIEF DESCRIPTION OF THE INVENTION

Aspects and advantages of the invention are circuit forth
below in the following description, or may be obvious from
the description, or may be learned through practice of the
invention.

One embodiment of the present invention is a combustor
that includes an upstream surface that extends radially across
at least a portion of the combustor, a downstream surface that
extends radially across at least a portion of the combustor and
is axially separated from the upstream surface, and a plurality
of tubes that extend through the downstream surface. A reso-
nator is upstream from at least one of the tubes, and a fluid
passage extends through the resonator and into the least one
tube.

Another embodiment of the present invention is a combus-
tor that includes an upstream surface that extends radially
across at least a portion of the combustor, a downstream
surface that extends radially across at least a portion of the
combustor and is axially separated from the upstream surface,
a fuel plenum between the upstream surface and the down-
stream surface, and a plurality of tubes that extend through the
downstream surface. A resonator is between the fuel plenum
and at least one of the tubes, and a fluid passage extends from
the fuel plenum, through the resonator, and into the at least
one tube.

The present invention may also include a combustor that
includes an upstream surface that extends radially across at
least a portion of the combustor, a downstream surface that
extends radially across at least a portion of the combustor and
is axially separated from the upstream surface, and a plurality
of tubes that extend through the downstream surface. A reso-
nator is connected to the upstream surface, and a fluid passage
extends through the resonator and into at least one tube.

Those of ordinary skill in the art will better appreciate the
features and aspects of such embodiments, and others, upon
review of the specification.

BRIEF DESCRIPTION OF THE DRAWINGS

A full and enabling disclosure of the present invention,
including the best mode thereof to one skilled in the art, is
circuit forth more particularly in the remainder of the speci-
fication, including reference to the accompanying figures, in
which:

FIG. 1 is a simplified cross-section view of an exemplary
combustor within the scope of various embodiments of the
present invention;

FIG. 2 is a cross-section view of the end cap shown in FIG.
1 taken along line A—A according to an embodiment of the
present invention;

FIG. 3 is a cross-section view of the end cap shown in FIG.
1 taken along line A—A according to an embodiment of the
present invention;

FIG. 4 is a cross-section view of the end cap shown in FIG.
1 taken along line A—A according to an embodiment of the
present invention;

FIG. 5 is an enlarged cross-section view of the end cap
shown in FIG. 1 according to a first embodiment of the
present invention;

FIG. 6 is an enlarged cross-section view of a portion of the
end cap shown in FIG. 5 according to an embodiment of the
present invention; and

FIG. 7 is an enlarged cross-section view of a portion of the
end cap shown in FIG. 5 according to an alternate embodi-
ment of the present invention.



US 9,249,734 B2

3
DETAILED DESCRIPTION OF THE INVENTION

Reference will now be made in detail to present embodi-
ments of the invention, one or more examples of which are
illustrated in the accompanying drawings. The detailed
description uses numerical and letter designations to refer to
features in the drawings. Like or similar designations in the
drawings and description have been used to refer to like or
similar parts of the invention. As used herein, the terms
“first”, “second”, and “third” may be used interchangeably to
distinguish one component from another and are not intended
to signify location or importance of the individual compo-
nents. In addition, the terms “upstream” and “downstream”
refer to the relative location of components in a fluid pathway.
For example, component A is upstream from component B if
a fluid flows from component A to component B. Conversely,
component B is downstream from component A if component
B receives a fluid flow from component A.

Each example is provided by way of explanation of the
invention, not limitation of the invention. In fact, it will be
apparent to those skilled in the art that modifications and
variations can be made in the present invention without
departing from the scope or spirit thereof. For instance, fea-
tures illustrated or described as part of one embodiment may
be used on another embodiment to yield a still further
embodiment. Thus, it is intended that the present invention
covers such modifications and variations as come within the
scope of the appended claims and their equivalents.

Various embodiments of the present invention provide a
combustor and a method for supplying fuel to a combustor.
The combustor may include a plurality of tubes arranged in an
end cap to enhance mixing between a working fluid, a fuel,
and/or a diluent prior to combustion. The fuel and/or the
diluent may be supplied through a resonator to one or more of
the tubes to reduce or dampen resonant frequencies produced
in the tubes. In particular embodiments, the resonator may be
upstream from the tubes, between a fuel plenum and the
tubes, and/or connected to the end cap to enhance the ther-
modynamic efficiency of the combustor, protect the combus-
tor from accelerated wear, and/or reduce undesirable emis-
sions over a wide range of combustor operating levels.
Although exemplary embodiments of the present invention
will be described generally in the context of a combustor
incorporated into a gas turbine for purposes of illustration,
one of ordinary skill in the art will readily appreciate that
embodiments of the present invention may be applied to any
combustor and are not limited to a gas turbine combustor
unless specifically recited in the claims.

FIG. 1 shows a simplified cross-section view of an exem-
plary combustor 10, such as would be included in a gas
turbine, within the scope of various embodiments of the
present invention. A casing 12 and an end cover 14 may
surround the combustor 10 to contain a working fluid flowing
to the combustor 10. The working fluid may pass through flow
holes 16 in an impingement sleeve 18 to flow along the
outside of a transition piece 20 and liner 22 to provide con-
vective cooling to the transition piece 20 and liner 22. When
the working fluid reaches the end cover 14, the working fluid
reverses direction to flow through a plurality of tubes 24 into
a combustion chamber 26.

The tubes 24 are radially arranged in an end cap 28
upstream from the combustion chamber 26. As shown, the
end cap 28 generally extends radially across at least a portion
of'the combustor 10 and may include an upstream surface 30
axially separated from a downstream surface 32. A shroud or
cap shield 34 may circumferentially surround the upstream
and downstream surfaces 30, 32. Each tube 24 may extend
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4

from the upstream surface 30 and/or through the downstream
surface 32 of the end cap 28 to provide fluid communication
for the working fluid to flow through the end cap 28 and into
the combustion chamber 26. Although generally illustrated as
cylindrical tubes in each embodiment, the cross-section of the
tubes 24 may be any geometric shape, and the present inven-
tion is not limited to any particular cross-section unless spe-
cifically recited in the claims.

Various embodiments of the combustor 10 may include
different numbers, shapes, and arrangements of tubes 24
separated into various bundles across the end cap 28. The
tubes 24 in each bundle may be grouped in circular, triangular,
square, or other geometric shapes, and the bundles may be
arranged in various numbers and geometries in the end cap
28. For example, in the embodiment shown in FIG. 2, the
tubes 24 are radially arranged across the end cap 28 as a single
tube bundle. In contrast, FIG. 3 shows the tubes 24 arranged,
for example, in six bundles 36 radially surrounding a single
bundle 38. In the particular embodiment shown in FIG. 4, the
tubes 24 are arranged in five pie-shaped bundles 40 that
circumferentially surround a single fuel nozzle 42 aligned
with an axial centerline 44 of the end cap 28. The fuel nozzle
42 may include, for example, a shroud 46 that circumferen-
tially surrounds a center body 48 to define an annular passage
50 between the shroud 46 and the center body 48. One or more
swirler vanes 52 may be located between the shroud 46 and
the center body 48 to impart swirl to the working fluid flowing
through the annular passage 50. In this manner, the fuel
nozzle 42 may provide fluid communication through the end
cap 28 to the combustion chamber 26 separate and apart from
the tubes 24.

FIG. 5 provides an enlarged cross-section view of the end
cap 28 shown in FIG. 1 according to various embodiments of
the present invention. As shown, the end cap 28 generally
extends radially across at least a portion of the combustor 10,
and the tubes 24 extend axially between the upstream and
downstream surfaces 30, 32 to provide fluid communication
for the working fluid to flow through the end cap 28 and into
the combustion chamber 26. A generally horizontal barrier 60
may extend radially between the upstream and downstream
surfaces 30, 32 to axially separate two plenums inside the end
cap 28. Specifically, the upstream surface 30, cap shield 34,
and barrier 60 may enclose or define a fuel plenum 62 around
the upstream portion of the tubes 24, and the downstream
surface 32, cap shield 34, and barrier 60 may enclose or define
an air plenum 64 around the downstream portion of the tubes
24.

A conduit 66 may extend from the end cover 14 through the
upstream surface 30 of the end cap 28 to provide fluid com-
munication for fuel, diluents, and/or other additives to flow
from the end cover 14, through the conduit 66, and into the
fuel plenum 62. The fuel, diluent, and/or other additives may
flow around the tubes 24 in the fuel plenum 62 to provide
convective cooling to the tubes 24 and pre-heat the fuel before
flowing into the tubes 24 to mix with the working fluid flow-
ing through the tubes 24.

The shroud or cap shield 34 may further include a plurality
of air ports 68 that provide fluid communication for the work-
ing fluid to flow through the cap shield 34 and into the air
plenum 64. In particular embodiments, a gap 70 between one
or more tubes 24 and the downstream surface 32 may provide
fluid communication from the air plenum 64, through the
downstream surface 32, and into the combustion chamber 26.
In this manner, a portion of the working fluid may flow
through the air ports 68 in the cap shield 34 and into the air
plenum 64 to provide convective cooling around the lower
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portion of the tubes 24 before flowing through the gaps 70 and
into the combustion chamber 26.

As shown in FIG. 5, the combustor 10 may further include
aresonator 80 between the fuel plenum 62 and one or more of
the tubes 24. The resonator 80 may be machined from an alloy
steel such as stainless steel or other suitable material capable
of'continuous exposure to the temperatures and volatile mate-
rials present in the end cap 28. As used herein, the term
“resonator” includes any device or system that reduces or
damps fluid flow into the tubes 24 to alter the natural, reso-
nant, or harmonic frequencies produced by fluid flow through
the tubes 24. In particular embodiments, the resonator 80 may
be positioned upstream from specific tubes 24 to interfere
with or disrupt the natural, resonant, or harmonic frequencies
produced by adjacent tubes 24 that do not have resonators 80.
Alternately, a separate resonator 80 may be positioned
upstream from each tube 24, and the various resonators 80
may be independently or collectively tuned to achieve the
desired resonant effect.

FIG. 6 provides an enlarged cross-section view of a portion
of the end cap 28 shown in FIG. 5 according to an embodi-
ment of the present invention. As shown in this particular
embodiment, the resonator 80 may be held firmly in position
by an upstream connection 82 between the upstream surface
30 and the resonator 80 and/or a downstream connection 84
between the resonator 80 and the barrier 60 and/or the tubes
24. The upstream and downstream connections 82, 84 may
include, for example, a nickel braze joint, a weld joint, or
other suitable technique for securely holding the resonator 80
in place inside the end cap 28. In addition, the upstream and
downstream connections 82, 84 may prevent fluids from leak-
ing between the fuel and air plenums 62, 64.

As further shown in FIG. 6, the resonator 80 may be a
cylindrical insert that abuts the tube 24 or an extension
between the tube 24 and the upstream surface 30. The reso-
nator 80 provides a fluid passage 86 from the fuel plenum 62,
through the resonator 80, and into the tube 24. The fluid
passage 86 may include, for example, one or more inlet and
outlet ports 88, 90 that provide fluid communication from the
fuel plenum 62 into the resonator 80 and from the resonator
80 into the tube 24, respectively. The tortuous path and/or
volume inside the resonator 80 reduces or damps fluid flow
into the tubes 24 to alter the natural, resonant, or harmonic
frequencies produced by fluid flow through the tubes 24. In
particular embodiments, the outlet ports 90 may be angled
radially, axially, and/or azimuthally to project and/or impart
swirl to the fuel flowing through the outlet ports 90 and into
the tubes 24. Alternately or in addition, the number and/or
cross-sectional area of the inlet ports 88 may be less or
smaller than the number and/or cross-sectional area of the
outlet ports 90. In this manner, the fewer and/or smaller inlet
ports 88 may restrict fluid flow into the resonator 80 to
enhance normalization of the fuel flow through the outlet
ports 90 and into the tubes 24.

FIG. 7 provides an enlarged cross-section view of a portion
of the end cap 28 shown in FIG. 5 according to an alternate
embodiment of the present invention. The resonator 80 again
includes the upstream connection 82, fluid passage 86, and
inlet and outlet ports 88, 90 as previously described with
respect to the embodiment shown in FIG. 6. In this particular
embodiment, however, the resonator 80 circumferentially
surrounds at least a portion of the tube 24 inside the fuel
plenum 62. As a result, the tube 24 may further include one or
more fuel ports 94 that complete the fluid passage 86 from the
fuel plenum 62, through the resonator 80, and into the tube 24.
In addition, the downstream connection 84 may be between
the tube 24 and the resonator 80, with a space or gap 92
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between the resonator 80 and the barrier 60. The temperature
of the fuel and working fluid flowing around and/or through
the tubes 24 may vary considerably during combustor 10
operations, and the combined location of the upstream and
downstream connections 82, 84 and the fluid passage 86
through the resonator 80 provide additional axial flexibility
between the upstream surface 30 and the tube 24 to accom-
modate thermal expansion between these components that
might occur during transient conditions. One of ordinary skill
in the art will readily appreciate that alternate locations and/or
combinations of connections between the upstream surface
30, tubes 24, barrier 60, and/or resonator 80 are within the
scope of various embodiments of the present invention, and
the specific location or number of connections is not a limi-
tation of the present invention unless specifically recited in
the claims.

The axial position, number, and size of inlet and outlet
ports 88, 90 for each resonator 80 may be selected to optimize
the fluid flow through each resonator 80 and into each tube 24
at various operating levels while also enhancing the combus-
tion dynamics. For example, locating the outlet ports 90
closer to the upstream surface 30 of the end cap 28 allows
more time for convective mixing between the fuel and work-
ing fluid before the mixture reaches the combustion chamber
26. Alternately or in addition, the number and/or surface area
of the inlet ports 88 for each resonator 80 may be adjusted
independently from other resonators 80 to adjust the pressure
and/or flow rate of fuel flowing into the resonator 80, thereby
adjusting the resulting resonant frequency of the associated
tube 24 and/or reducing any harmonic interaction between
other tubes 24 to enhance the combustion dynamics produced
in the combustor 10. As a result, the various embodiments
described herein may enhance the thermodynamic efficiency
of the combustor, protect the combustor from accelerated
wear, and/or reduce undesirable emissions over a wide range
of combustor operating levels.

The various embodiments shown in FIGS. 1-7 provide
multiple combinations of methods for supplying fuel to the
combustor 10 and/or reducing combustor dynamics. As
shown in FIGS. 5-7 for example, the method may include
flowing the working fluid through the tubes 24 and flowing
the fuel from the fuel plenum 62, through the resonator 80,
and into the tube 24. The method may further include flowing
the working fluid around the tubes 24 inside the air plenum 64
before flowing the working fluid into the combustion cham-
ber 26. In particular embodiments, the method may reduce
the fuel flow through the inlet ports 88 compared to the outlet
ports 90 to further tune the resonant frequency generated by
individual tubes 24. One of ordinary skill in the art can readily
appreciate these and multiple other methods for reducing or
damping natural, resonant, and/or harmonic frequencies pro-
duced by the tubes 24 based on the teachings herein to support
expanded combustor 10 operations without exceeding design
margins associated with flame holding, combustion dynam-
ics, and/or emissions limits.

This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention
is defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they include
structural elements that do not difter from the literal language
of'the claims, or if they include equivalent structural elements
with insubstantial differences from the literal languages of
the claims.
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What is claimed is:

1. A combustor, comprising:

a. an upstream surface that extends radially across at least
a portion of the combustor;

b. adownstream surface that extends radially across at least
aportion of the combustor and is axially separated from
the upstream surface;

c. a barrier disposed between the upstream and down-
stream surfaces, wherein the barrier and the upstream
surface at least partially define a fuel plenum;

d. a plurality of tubes that extend downstream from the fuel
plenum and through the downstream surface; and

e. a resonator upstream from at least one of the tubes,
wherein the resonator includes an outer wall, an inner
wall and a fluid passage defined therebetween, wherein
the resonator is at least partially disposed within the fuel
plenum and extends at least partially through the barrier;

f. wherein the resonator defines an inlet port in the outer
wall and outer port in the inner wall, wherein the inlet
port provides for fluid communication between the fuel
plenum and the fluid passage and the outlet port is in
fluid communication with the at least one tube.

2. The combustor as in claim 1, wherein the resonator
circumferentially surrounds at least a portion of the at least
one tube.

3. The combustor as in claim 1, further comprising a sepa-
rate resonator upstream from each tube.

4. The combustor as in claim 1, wherein the inlet porthas a
smaller cross-sectional area than the outlet port.

5. The combustor as in claim 1, further comprising an
upstream connection between the upstream surface and the
resonator.

6. The combustor as in claim 1, further comprising a down-
stream connection between the at least one tube and the
resonator.

7. The combustor as in claim 1, further comprising a down-
stream connection between the resonator and the barrier.

8. A combustor, comprising:

a. an upstream surface that extends radially across at least

a portion of the combustor;

b. adownstream surface that extends radially across at least
aportion of the combustor and is axially separated from
the upstream surface;

c. a barrier disposed between the upstream and down-
stream surfaces, wherein the barrier and the upstream
surface at least partially define a fuel plenum;

d. a plurality of tubes that extend downstream from the fuel
plenum and through the downstream surface; and

e. a resonator between the fuel plenum and at least one of
the tubes, wherein the resonator includes an outer wall,
an inner wall and a fluid passage defined therebetween,
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wherein the resonator is at least partially disposed within
the fuel plenum and extends at least partially through the
barrier;

f. wherein the fluid passage provides for fluid communica-
tion from the fuel plenum, through the resonator, and
into the at least one tube.

9. The combustor as in claim 8, wherein the resonator
circumferentially surrounds at least a portion of the at least
one tube.

10. The combustor as in claim 8, further comprising a
separate resonator between the fuel plenum and each tube.

11. The combustor as in claim 8, further comprising an
inlet port in the resonator, wherein the inlet port provides fluid
communication from the fuel plenum into the resonator.

12. The combustor as in claim 8, further comprising an
outlet port in the resonator, wherein the outlet port provides
fluid communication from the resonator into the at least one
tube.

13. The combustor as in claim 8, further comprising an
upstream connection. between the upstream surface and the
resonator.

14. The combustor as in claim 8, further comprising a
downstream connection between the at least one tube and the
resonator.

15. A combustor, comprising:

a. an upstream surface that extends radially across at least

a portion of the combustor;

b. a downstream surface that extends radially across at least
aportion of the combustor and is axially separated from
the upstream surface;

c. a barrier disposed between the upstream and down-
stream surfaces, wherein the barrier and the upstream
surface at least partially define a fuel plenum;

d. aplurality of tubes that extend downstream from the fuel
plenum and through the downstream surface;

e. a resonator connected to the upstream surface, wherein
the resonator includes an outer wall, an inner wail and a
fluid passage defined therebetween, wherein the resona-
tor is at least partially disposed within the fuel plenum
and extends at least partially through the barrier; and

f. wherein the fluid passage provides for fluid communica-
tion through the resonator and into at least one tube a the
plurality of tubes.

16. The combustor as in claim 15, wherein the resonator
circumferentially surrounds at least a portion of the at least
one tube.

17. The combustor as in claim 15, wherein the resonator
includes an inlet port that provides fluid communication into
the resonator and an outlet port that provides fluid communi-
cation from the resonator into the at least one tube.

18. The combustor as in claim 17, wherein the inlet port has
a smaller cross-sectional area than the outlet port.

#* #* #* #* #*



